Background: The clinical trials emerged centromere protein E inhibitor GSK923295 as a promising anticancer drug, but its function in hepatocellular carcinoma (HCC) remain needs to be fully elucidated, especially as chemotherapy after hepatectomy for liver tumors. We aimed to describe anti-HCC activities of GSK923295 and compare its antiproliferative effects on liver regeneration after partial hepatectomy (PH). Methods: All subjects were randomized to treatment with either vehicle or GSK923295. Antitumor activity of GSK923295 was assessed by xenograft growth assays. The C57BL/6 mice were subjected to 70% PH and the proliferation was calculated by liver coefficient, further confirmed by immunohistochemistry. The proliferation and cell cycle analysis of liver cell AML12 and HCC cells LM3, HUH7, and HepG2 were investigated using the cell counting kit-8 assay and Flow Cytometry. The chromosome misalignment and segregation in AML12 cells were visualized by immunofluorescence. Results: Treatment with GSK923295 induced antiproliferation in HCC cell lines. It also caused delay on HCC tumor growth instead of regression both in a HCC cell line xenograft model and patient-derived tumor xenograft model. With microarray analysis, CENtromere Protein E was gradually increased in mouse liver after PH. Exposure of liver cells to GSK923295 resulted in delay on a cell cycle in mitosis with a phenotype of misaligned chromosomes and chromosomes clustered. In 70% PH mouse model, GSK923295 treatment also remarkably reduced liver regeneration in later stage, in parallel with the mitotic marker phospho-histone H3 elevation. Conclusion: The anticancer drug GSK923295 causes a significant delay on HCC tumor growth and liver regeneration after PH in later stage.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common and lethal malignant tumors, accounting for 70% to 90% of primary liver cancers. [1] Resection is currently the mainstay of treatment for patients with resectable HCC. [2, 3] In some cases with advanced HCC, the 5-year overall survival rate after liver resection was reported to be over 20%, [4] suggesting that surgical resection could be effective for highly advanced HCC. However, multiple operations and anesthesia may enhance tumor implantation and growth of metastases, [5] and perioperative immunodepression may favorably affect the development of HCC. In clinic, such remnant liver tumor growth stimulation after partial hepatectomy (PH) can be reduced by treatment with chemotherapy.
Antimitotic therapies, which widely used in the clinical treatment of cancer, are effective against the abnormal proliferation of transformed cells. However, peripheral neuropathy is a major adverse effect of antimitotic drugs, as they directly inhibit the assembly of microtubule structures even in non-dividing neural cells. [6] To reduce the incidence of this side effect, a new generation of promising antimitotic drugs aiming at novel targets, especially the mitotic kinases and spindle motor proteins, has been investigated. [7] CENtromere Protein E (CENP-E) is localized at the kinetochore of chromosomes, [8] and plays an important role in the chromosome congression during prometaphase, [9] leading to the formation of stable attachment between spindle microtubules and kinetochores from prometaphase to anaphase, [10, 11] in addition to the microtubule plus-end elongation. [12] To date, a total of 3 CENP-E inhibitors, including GSK923295, PF-2771, [14] and CMPDA, [15] were found to exhibit antitumor activity in preclinical animal models. The clinical trials revealed GSK923295 could potentially avoid peripheral neuropathy associated with tubulin-binding chemotherapeutic agents, [16] led to emerge it as a promising anticancer drug.
Perioperative liver regeneration is one of the most important issues on radical surgery for HCC. In one hand, the growth rate of remnant liver tumor is typically more rapid than that of the liver parenchyma after surgical resection. On the other hand, hepatectomy for large or extensive liver tumors may lead to insufficient future liver remnant hypertrophy, [17] making the perioperative liver regeneration as a hot research topic on radical surgery. Basic research has elucidated that it generally takes about 8 to 10 days for a hepatoblast to mature into a hepatocyte. [18] However, the optimal time interval between neoadjuvant chemotherapy and surgery for HCC is typically 4 weeks or longer. [19] Since during hepatic regeneration, the growth rate of metastases is more rapid than that of the liver parenchyma, [20] we investigated and compared the effects of GSK923295 both on HCC and liver regeneration after PH, and demonstrated its antiproliferative activities in vitro and in vivo. This might be of great significance in improving the safety of GSK923295 as an anticancer drug for HCC.
Methods

Animal care and xenograft growth assay
All animal experiments were approved by the Committee for Animal Experiments in Zhejiang University. The mice purchased from Shanghai Laboratory Animal Co. Ltd. was administered intraperitoneally with 125 mg/kg GSK923295 in 4% N,N-dimethylacetamide (DMA)/Cremaphore (50/50) at pH 5.6 in three daily injections after PH. DMA/Cremaphore (50/50) was used as vehicle control.
Antitumor activity of GSK923295 in HCC was assessed by MHCC-LM3 cell line xenograft model [21] and patientderived tumor xenograft (PDTX) model. Administration of GSK923295 or vehicle as described above began at days 6 to 14 when the median tumor size ranged from 80 to 100 mm 3 . Each group consisted of random six nude mice (subcutaneous injection, 5 Â 10 6 HCC cells) or four Scid mice (oxter implant, 5-10 mm 3 piece of tumor) performed xenograft growth assays. The subcutaneous tumor size was calculated and recorded every 2 day using the Vernier caliper as follows: tumor volume (mm 3 ) = (L Â W 2 )/2 (L: long axis; W: short axis).
Partial hepatectomy model
About 70% PH was performed on anesthetized 8-weekold specific pathogen free female C57BL/6 mice weighing 16 to 21 g, essentially following the procedure described by Nevzorova et al. [22] After the mice were sacrificed, liver coefficient (liver-weight/body-weight, L/BW) was calculated immediately. For RNA analysis, liver tissues were collected at each time points after PH, immediately frozen in liquid nitrogen and stored at À80°C until use. For immunohistochemistry analysis, tissues were fixed overnight in the formalin solution, embedded with paraffin, and sectioned.
Quantitative real-time polymerase chain reaction assays
The RNA purification was performed using RNAeasy kit (Qiagen, Germantown, USA). The polymerase chain reaction (PCR) amplification for the quantification of mRNA was performed using SsoFast EvaGreen Supermix with low ROX kit (Biorad, Hercules, USA) as previously described. [23] Immunohistochemistry and immunofluorescence
Immunohistochemistry and immunofluorescence were performed with mouse antibodies against KI67 (Thermo, Carlsbad, USA), proliferating cell nuclear antigen (PCNA; Santa Cruz, Dallas, USA), rabbit antibody against PhosphoHistone H3 (pHH3; Cell Signaling Technology, Beverly, MA, USA) and goat antibody against albumin (ALB; Santa Cruz), the results were examined as previously described. [24] Cell cultures and transfection 
SDS-PAGE and Western blotting analysis
Cell samples were homogenized in radioimmunoprecipitation assay buffer lysis buffer for protein extraction. Western blotting analysis was performed as previously described. [24] Cell proliferation assay
The cell proliferation rate was determined, based on activities of dehydrogenases in cells, using the cell counting kit-8 (Dojindo, Japan).
Cell cycle analysis
After synchronize and double thymidine block (DTB), cell cycle analysis was performed as previously described. [23] Fluorescence imaging Cells were washed with PBS and fixed with 3.7% paraformaldehyde. Nuclei were stained by tubulin-tracker red (Beyotime, China), antibodies against CENP-E (Santa Cruz) and 4 0 ,6-diamidino-2-phenylindole (DAPI). Samples were observed under a fluorescence microscope.
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Statistical analysis
Unless otherwise stated, data are expressed as mean ± standard deviation (SD) and analyzed using the paired Student's t-test (GraphPad Prism 5.02; GraphPad Software, USA). A two-sided P-value < 0.05 was considered statistically significant.
Results
In vitro and in vivo anticancer activity of GSK923295 in patients with HCC
To assess the response of liver tumor to CENP-E inhibitor, we evaluated the growth inhibitory activity of GSK923295 in 3 HCC cell lines after 24, 48, and 96 hours of continuous exposure [ Figure 1A ]. The IC 50 of HepG2, LM3, and HUH7 were 7.5, 5.9, and 2.9 mM, respectively. After comparing with the HCC cell proliferation rates, no correlation was observed (P = 0.161), suggesting that there might be unidentified and dominant factors in determining growth inhibitory effect of GSK923295. After exposure to GSK923295 for 8 hours, a large fraction of the HCC cells had proceeded into G2/M-phase. Accordingly, a significantly upregulation of the mitotic marker cyclin B1 and pHH3 was observed [ Figure 1B ].
To further assess antitumor activity of GSK923295 in vivo, we administered the inhibitor to mice bearing xenografts of the LM3 tumor cells. Compared the vehicle group, Chinese Medical Journal 2019;132(3) www.cmj.org mouse with tumor showed significantly delayed tumor volume after GSK923295 treatment [ Figure 1C ], with clearly increasing in the abundance of mitotic figures morphologically in tumors [ Figure 1E ]. The subcutaneous tumor size was calculated and recorded every 2 days, and the results demonstrated that 125 mg/kg GSK923295 caused delay on HCC tumor-growth instead of regressions [ Figure 1D ], because no regressions occurred in six mice treated when the study was limited on 19th day.
Furthermore, seeking to more accurately mimic the tumor environment to grow liver cancer cells, we developed a PDTX model from a 54-year-old patient with advanced HCC (Supplementary Table 1 , http://links.lww.com/CM9/ A7). Comparing the inhibition rate of GSK923295, it performed worse in PDTX model than that in LM3 xenograft model [ Figure 1F and 1G], presumably because the former tumor microenvironment was more complicated. Taken together, these findings reflected that the administration of GSK923295 causes G2/M block in HCC xenograft models, and exhibited significant antitumor activity as well.
GSK923295 suppressed proliferation of liver cells resulted from mitotic arrest
Exposure of mouse liver cells AML12 to GSK923295 resulted in a significant inhibition on proliferation, which was in a concentration-dependent manner ( Figure 2A , Chinese Medical Journal 2019;132(3) www.cmj.org IC 50 = 5.0 mmol/L). It also arrested the liver cells in G2/M phase [ Figure 2B and 2C]. As shown in Figure 1A , cytotoxicity of GSK923295 not only was seen in HCC cancer cells, but also in healthy liver cells, particularly in cell proliferation in the liver regeneration.
Treatment of AML12 cells with GSK923295 resulted in delay in a penetrant cell cycle compared with the cells treated with DMSO (41.23% vs. 62.05% for DMSO and GSK923295 after 8 hours, and 10.06% vs. 28.64% for 24 hours in G2 phase, respectively) [ Figure 2B and 2C]. Furthermore, the time-dependent accumulation of pHH3-positive cells was observed in the GSK923295-treated group. At long exposure (48 and 96 hours) to GSK923295, the percentage of cells at the G2/M phase decreased, as the cleavage of poly-(ADP-Ribose) polymerase (PARP) increased, indicating the apoptotic cell death [ Figure 2D ]. The viability of the AML12 cells after treatment with GSK923295 was significantly reduced as well [ Figure 2E ].
To investigate the influence of GSK923295 on attachment of chromosomes to spindle microtubules in liver cells, we introduced tubulin tracker to visualize the frequent mitotic abnormalities. Exposure of GSK923295 resulted in obvious defects in chromosome alignment of mitosis. In some cases, chromosomes were displaced from the metaphase plate [ Figure 2F , yellow arrows] or clustered close to the spindle poles in a centrophilic position [ Figure 2F , white arrows]. The percentage of mitotic cells with misaligned and/or centrophilic chromosomes increased over time, from 40% at 24 hours post-treatment to 43% at 48 hours post-treatment, whereas similar figures were never observed in more than 1% of the control samples [ Figure 2F ].
To validate that the GSK923295 plays its antiproliferative role in liver cells proliferation through CENP-E protein, we designed three knocking down siRNAs based on the junction site of CENP-E, and the knocking down efficiency was accordingly tested [ Figure 2G ], and siRNA-1 was selected for the further experiments. CENP-E siRNA transfection caused a morphologic phenotype very similar to that observed after GSK923295 treatment (data not shown), as well as the cyclin B1 expression [ Figure 2H ]. In addition, the growth inhibition in CENP-E knock-down cells was consistent with those obtained from GSK923295-treated AML12 cells [ Figure 2I ].
Consequently, GSK923295 causes failure to achieve metaphase chromosome alignment in liver cells, resulting in a roughly complete long-term mitotic arrest and apoptosis.
GSK923295 suppressed liver regeneration
To confirm the above-mentioned in vitro data in vivo findings, we developed a 70% PH mouse model [ Figure 3A ]. Cyclin E1, [25] Lipocalin-2, [26] and minichro- Chinese Medical Journal 2019;132(3) www.cmj.org mosome maintenance complex component 5, [27] which were reported as upregulated genes during liver regeneration, were consistent with our results (Supplementary Table 2 , http://links.lww.com/CM9/A7), indicating the liver regeneration after PH in the present study followed the same process as reported in previous studies. We also screened up-and downregulation of genes during liver regeneration at 24-, 48-, and 96-h time points using microarray analysis of mRNA expression, in which several CENP family members, including CENP-E (a 41.3-fold elevation at 48 hours after PH), were found and verified [ Figure 3B and 3C]. Furthermore, the CENP-E expression in GEO database (GSE83598) followed a similar pattern with that of our results [ Figure 3D and 3E]. The change of variable expression and peak stages of different respective CENP protein family members indicated that they have discriminatory functions at centromere during mitosis, and might participate in liver regeneration [28] (Supplementary Figure 1A and Supplementary Table 3 , http://links.lww.com/CM9/A7).
After administration of GSK923295 or vehicle in a PH mouse model, the liver regeneration was assessed by the ratio of rest liver weight to body weight. The mean L/BW of vehicle-and GSK923295-treated group was 2.548% ± 0.199% and 2.275% ± 0.086% at 48 hours post-operation, and 3.509% ± 0.129% and 2.888% ± 0.251% at 72 hours post-operation, respectively. Compared with vehicle-treated group, the regeneration of GSK923295-treated group was remarkably reduced in later stages (P = 0.0809 at 48 hours, P = 0.0319 at 72 hours) [ Figure 4A ]. The variation of regenerative response was further confirmed by the staining of Ki-67 [ Figure 4B ] and PCNA [ Figure 4C ] as classical markers for cell proliferation. The staining scores were calculated as the proliferation index of the two groups and then compared [ Figure 4D ]. Both in Ki-67 group and PCNA group, the proliferation index significantly increased at 48 hours after operation. However, the vehicle-treated group was more active than that of the GSK923295 treated in the whole course. The expressions of Ki-67 and PCNA in each group with all 4 samples after 48 hours were detected by Western blotting [ Figure 4E and 4F] as well. The level of pHH3 increased to a peak at 24 hours after administration, then rapidly decreased at 48 hours and was minimal at 72 hours. Accordingly, immunohistochemistry of the liver sections showed the accumulation of pHH3-positive cells 24 hours after the administration of GSK923295 [ Figure 4H ]. Meanwhile, the expression of ALB was measured to evaluate the hepatic function, and no intergroup discrepancy was clarified [ Figure 4G ].
Since CENP-E interacts with BubR1 kinase and modulating its activities, [29] we investigate the influence of GSK923295 on the expression of BubR1 in liver regeneration in PH mouse. BubR1 was significantly upregulated 48 hours after operation in vehicle-treated group, while in GSK923295-treated group, the expression was low and delayed, similar to (but less than) that observed in sham-operated group [ Figure 4I ]. Upon further investigation, we compared the expression status of CENP-E and BubR1 in all samples at each time point, the linear correlation coefficient was 0.7057 for vehicle group and 0.6678 for GSK923295 group, respectively [ Figure 4J ]. These findings show CENP-E might be essential for BubR1 to function in liver regeneration.
Discussion
To our best knowledge, it is the rare report to elucidate GSK923295 function as a potential anti-HCC agent, which markedly suppressed liver regeneration in PH mouse model. GSK923295 is a 1st-in-class, specific, and allosteric inhibitor of CENP-E function. In a phase I clinical trial, as the next generation of mitotic inhibitor, GSK923295 showed low incidence of myelosuppression and neuropathy among patients with refractory solid tumors, [16] necessitating that further studies are required to analyze its antiproliferative capability as chemotherapeutic agents.
In this study, we assessed the growth inhibitory activity of GSK923295 in HCC. GSK923295 treatment led to G2/M arrest in HCC cells, and in vivo assay showed a significant antiproliferative activity against LM3 xenografts and PDTX model. Similar to our results, GSK923295 resulted in mitotic arrest and colon tumor regression in xenograft models. [13] However, GSK923295 contained various antitumor activities in different cancer cell xenografts. For instance, it produced partial or even complete regressions at the 125 mg/kg dose against Colo205 xenografts, while such robust antitumor activity took the edge off in HCC. Our PDTX model also showed that such dose of GSK923295 only caused delay on tumor growth without regression (consistent with the higher IC50 for HCC cells). Since the maximal-tolerated dose in mice is over 500 mg/kg, [13] a follow-up research should set higher dose of GSK923295 for HCC cells in vivo.
According to our results, GSK923295 showed the same level of inhibition to liver cells, when it was compared with HCC cells in vitro. Furthermore, an elaborate detection of hepatic function in PH mouse was performed as well. The aspartate aminotransferase and alanine aminotransferase levels gradually increased 24 hours after PH, decreased by over 50% after 48 hours, and reached normal level after 96 hours. Total bilirubin increased to high levels 24 hours after PH, which showed a slight decrease after 48 hours, and again reached normal level after 96 hours. Compared with the GSK923295 treatment group, no significant differences were found (data not shown). Meanwhile, the expression of ALB showed that there was no discrepancy, which revealed that the functional maturity in the process of liver regeneration after PH is very complicated to be determined by merely several detection indexes. Further studies are required to evaluate hepatic function and liver tumor response to GSK923295 using a sufficiently large sample size, and optimize the treatment schedules of resectable HCC, especially for hepatectomy for large or extensive liver tumors, which usually lead to insufficient future liver remnant hypertrophy.
Since previous studies have revealed that CENP-E mRNA expression does not correlate with sensitivity to the CENP-E inhibitor, [13, 15] CENP-E expression might not be a feasible biomarker for predicting tumors that are sensitive to the GSK923295. In this studies, the inhibitory effects of centromere by GSK923295 were determined in cells with pole-proximal misaligned chromosomes. In parallel with the mitotic aberration, we also observed the mitotic marker pHH3 elevated in vitro and in vivo, while its level fall rapidly after GSK923295 treatment. Considering that BubR1 kinase activity associates with histone H3 phosphorylation [30] and is directly stimulated by CENP-E, [29] pHH3 could potentially be used as an efficient marker for GSK923295 to indirectly monitor CENP-E motor activity. Further preclinical studies in HCC models might be required to develop the utility of pHH3 as a biomarker for GSK923295.
In summary, we report that GSK923295 functions antitumor activity in HCC cells and leads to a significant delay in liver regeneration after PH. We also compare antiproliferative effects of GSK923295 both on HCC and liver regeneration after PH, in which no significant discrepancy in level of inhibition is observed according to our results.
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